Pseudohypoparathyroidism 1A (PHP1A) is a rare, genetic disorder. Most patients with PHP1A have cognitive impairment but this has not been systematically studied.
. A literature review showed cognitive impairment reported as a diagnosis in 78% of patients with PHP1A
and 10% of patients with PPHP, but there is no information available on severity or specific areas of deficit (Mouallem et al., 2008) .
This lack of knowledge impedes adequate care of patients with PHP as physicians are unable to counsel families on developmental expectations or provide appropriate early intervention and educational resources in a timely manner. To address this problem, we undertook the first systematic evaluation of cognitive function, executive function, and adaptive behavior in children with PHP1A.
| MATERIALS AND METHODS

| Study design and setting
This was a prospective study of children with PHP1A. As controls, 
The study was approved by the Vanderbilt Institutional Review
Board and parental consent/age appropriate assent was obtained prior to study enrollment.
| Participants
Patients were recruited from the Monroe Carell Jr. Children's Hospital at Vanderbilt and through online advertisements. We enrolled patients 6-18 years old into one of the following four groups: 1) children with a clinical diagnosis of PHP with multihormone resistance; 2) one unaffected sibling (when available); and 3) matched controls. Controls were matched on gender, race, age (±2 years) and BMI (±2 kg/m 2 at last clinic visit). A diagnosis of PHP1A was confirmed based on clinical phenotype and genetic testing.
Exclusion criteria for the sibling and matched control groups included obesity due to a genetic syndrome or untreated endocrinopathy, parent-reported diagnosis of autism or significant learning disorder, and other significant medical conditions.
| Cognitive assessment
Cognitive assessments were performed by trained study personnel and supervised by a developmental psychologist.
| General cognitive ability
The Kaufman Brief Intelligence Test, Second Edition (KBIT-2) (Kaufman & Kaufman, 2004) , assessed general cognitive ability.
There were two domains, verbal and nonverbal, as well as a composite IQ. All scales yield standard scores with a mean of 100 (SD = 15); higher scores indicate better function. We also collected data on repeated grades, school settings, use of special education resources and treatment with speech, occupational, and physical therapies.
| Adaptive behavior
Parents completed the Vineland Adaptive Behavior Scales, Second
Edition (VABS-II) (Sparrow, Cicchetti, & Balla, 2005) , resulting in an adaptive behavior composite and three domain scores, each with a mean of 100 (SD = 15); higher scores indicate better function.
| Behavior problems
Parents completed the Child Behavior Checklist for ages 6-18 years (CBCL) (Achenbach, 2009 ). The raw scores were converted to DSM-IV oriented scales for the following domains; affective, anxiety, somatic, attention deficit/hyperactivity (ADHD), oppositional defiant, and conduct. The scales yield T scores with a mean of 50 (SD = 10);
higher scores indicate greater problems.
| Executive function
Executive function was assessed in children >8 years old using the following performance based measures from the Delis-Kaplan
Executive Function System (DKEFS) (Homack, Lee, & Riccio, 2005) : trail-making test (flexibility of thinking on a visual-motor task), verbal fluency test (fluent productivity in the verbal domain), color-word interference test (inhibitory control), and design fluency test (fluent productivity in the spatial domain). Raw scores were converted to scaled scores with a mean of 10 (SD = 3); lower scores indicate poorer performance.
We also used a parent-reported questionnaire, the Behavior Rating Inventory of Executive Function (BRIEF) (Gioia, Isquith, Guy, & Kenworthy, 2006) . Parents were asked whether the child "had problems with these behaviors over the last 6 months" and were given response options of "never" (1), "sometimes" (2), or "often" (3). There were two composite scores, the behavioral regulation index (BRI) and metacognition index (MI). The general executive composite (GEC) is calculated based on these composite scores; if the BRI and MI differed by ≥13, GEC was not reported. The BRI, MI, and GEC produce T scores with a mean of 50 (SD = 10);
| Covariates
Data were obtained on potential confounding variables. We collected parent reported race and ethnicity, education level, and family yearly income. Height was measured using a wall-mounted stadiometer. Weight was measured using a digital scale while participants were lightly clothed without shoes. BMI z-scores were calculated using gender and age specific Centers for Disease Control growth charts. 
| Statistical methods
Continuous variables were analyzed with the Student's t-test.
If Levene's test for equality of variances was significant, equal variances were not assumed. For categorical variables, Chi-squared test was used unless multiple cells have an expected cell count <5 and then an exact unconditional test was used.
When the PHP1A and sibling groups were compared, a paired t-test was used. Data are presented as mean (SD) unless otherwise specified.
3 | RESULTS
| Patient characteristics
A total of 19 patients with PHP and multi-hormonal resistance from 16 unrelated families were enrolled in the study, along with nine unaffected siblings and 15 controls. A family with four siblings (three affected, one unaffected) was found to have the 3-kb STX16 deletion that is known to cause PHP1B and were excluded from this study. This left 16 patients with PHP1A and eight unaffected siblings.
All patients were white. The baseline characteristics of the three groups are provided in Table 1 . There were no significant differences between the PHP1A and matched control group's demographic or socioeconomic characteristics. Three children in the PHP1A group were taking medication for ADHD (lisdexamfetamine dimesylate, atomoxetine, and methylphenidate transdermal). No patients in the control groups were treated for ADHD.
| Genetic testing
All patients in the PHP group had resistance to parathyroid hormone and thyroid stimulating hormone. All patients had thyrotropin levels <5 μunits/ml (range 0.949-4.572) at the time of testing. Table 2 details the genetic diagnosis, family history, and clinical features of each patient. Nine patients had previous clinical genetic testing through a CLIA-approved laboratory, and tested positive for heterozygous inactivating mutations in GNAS; two of these mutations are novel. We identified a heterozygous inactivating GNAS mutation in five additional patients. The 14 patients with an identified GNAS inactivating mutation and two patients with 
| General cognitive ability
The PHP1A group (n = 16) had an average composite IQ of 85.9 (17.2), range 60-116 and 25% had a composite IQ <70 (2 SD below the mean) which was significantly lower than the matched control group (mean 
| Adaptive behavior
Two mothers, one in the matched control group and one in the PHP1A/sibling group, did not complete the VABS-II, and one in the PHP1A/sibling group did not complete the CBCL. The PHP1A group had significantly lower adaptive behavior composite scores compared with the matched control group (Table 3 ) and compared with their unaffected sibling (mean difference −27.0, 95%CI −36.5 to −17.5, p < 0.001, n = 7). The PHP1A group had uniformly lower scores in the communication, daily living skills, and socialization domains.
| Behavior problems
The PHP1A group had significantly more affective problems and ADHD problems on the CBCL compared with the matched control group (Table 3 ) and compared with their sibling (mean difference:
affective 13.1, 95%CI 2.5-23.8, p = 0.02; ADHD 8.0, 95%CI 1.5-14.5, p = 0.02, n = 7). The PHP1A group also had more anxiety problems and somatic problems compared with their sibling (somatic: 14.0, 95%CI
18.8-9.2, p < 0.001; affective 13.9, 95%CI 4.8-23.0, p < 0.01). There were no differences in oppositional defiant or conduct problems.
| Executive function
The PHP1A group had significantly poorer performance than matched controls in two or more scores in all DKEFS subsets (trail making, verbal fluency, design fluency, and color-word interference, Table 3 ). The Two mothers, one in the matched control group and one in the PHP1A/sibling group, did not complete the BRIEF questionnaire. GEC scores were not included in the analysis if the MI and BRI scores differed by 13 or more points (seven PHP1A subjects, two siblings, and no controls). The PHP1A group had significantly higher MI scores but there was no difference in BRI or GEC scores compared with matched controls (Table 3) . Compared with their sibling, patients with PHP1A
had significantly higher scores in BRI and GEC (mean difference: BRI 19.9, 95%CI 8.4-31.3, p < 0.01, n = 7 pairs; MI 12.1, 95%CI −3.8-28.1, p = 0.11, n = 7 pairs; GEC 18.3, 95%CI 8.3-28.2, p = 0.01, n = 4 pairs).
The PHP1A group had the highest mean scores in the areas of working 
| DISCUSSION
This is the first study to systematically evaluate cognition, adaptive behavior, behavior problems, and executive function in children with PHP1A. We found that children with PHP1A have a wide range of composite IQ scores but show a consistent deficit of more than one standard deviation (−21.5, 95%CI −33.9 to −9.1) compared with their unaffected sibling. This deficit was present in both the verbal and nonverbal IQ scores. Overall, children with PHP have higher mean IQ scores than patients affected by other imprinting disorders, such as Prader-Willi syndrome (IQ 63.5 [11.7] , range 30-103) (Whittington et al., 2004) .
While 25% of the PHP1A group had an IQ > 2 SD below the mean (composite IQ <70), 93% received special education services. The mother of the child who did not receive additional services reported that her child "did not do well in school" and her teachers "asked for an evaluation but it was not done." Our cohort included a wide range of family income and parental education, increasing the generalizability of the findings. In addition, many children repeated a grade (43%), highlighting the need for earlier learning evaluations, and interventions.
Most children with PHP1A demonstrated impairments in executive function based on data from both child performance (DKEFS) and parental report (BRIEF). Children with PHP1A had a particular deficit in the area of metacognition. The BRIEF MI represents the ability to selfmanage tasks, and monitor performance. It includes the subdomains initiate, plan, organize, monitor and working memory, that provide insight into problem solving ability. In our cohort, children with PHP1A
had the greatest parent-reported executive function deficits in the subdomains working memory and initiate. Consistent with these findings, children with PHP1A also had difficulty with DKEFS performance-based tasks measuring working memory (trail making test) and the ability to initiate and sustain effort (design fluency and | 287 verbal fluency tests). These findings suggest that children with PHP1A may exhibit deficits in executive function ability, which was captured by performance-based measures. Difficulty in the successful application of executive function skills toward goal attainment was exemplified by rating scale measures (Toplak, West, & Stanovich, 2013) . These children may benefit from interventions addressing task organization, problemsolving skills, and efforts to increase sustained attention. Special education resources such as one-on-one aides may assist these children with keeping track of multi-step directions, refocusing when they lose track of the class discussion, and sticking with a task until completion.
Unlike ADHD-combined type or hyperactive type, children with ADHD-inattentive type have a deficit in working memory, rather than decreased inhibition (Diamond, 2005) . In our study, 40% of the PHP1A group had working memory scores >70 on the BRIEF, an indicator of ADHD-inattentive type (Gioia et al., 2006) . The same subjects all had clinically significant scores (>65) on the CBCL ADHD domain, despite ongoing treatment for ADHD in two subjects. In the general population, prevalence of ADHD is approximately 5-7% (Willcutt, 2012) . The inattentive subtype is most common subtype but these patients are less likely to be referred for clinical services (Willcutt, 2012) . Trail making test n = 13 n = 13
Visual scanning 7.6 (3.1) 9.1 (2.9) −1.5 (−3.9 to 1.0) 0.23
Number-letter sequencing 6.5 (3.6) 10.6 (2.7) −4.2 (−6.7 to −1.6) <0.01
Number-letter switching 3.9 (2.9) 8.5 (2.2) −4.6 (−6.7 to −2.5) <0.01
Motor speed 6.6 (3.9) 9.7 (2.3) n = 12 General executive composite 58.6 (11.6) n = 8 50.6 (11.0) n = 14 7.9 (−2.4 to 18.4) 0.13
In addition to the elevated scores in the CBCL ADHD domain, children with PHP1A had clinically significant elevations in the affective domains. The elevation in somatic problems and anxiety problems was not significant when compared with matched controls and further studies are needed to understand the effects of PHP1A on quality of life. Consistent with the lower IQ scores, children with PHP1A scored significantly lower on all adaptive behavior subdomains (VABS-II) compared with controls and siblings. The deficits did not indicate severe impairments as most patients scored in the moderately low to adequate range.
Strengths of this study include a relatively large sample size for this rare disease and the use of both performance testing and validated parent questionnaires. Our inclusion of a sibling comparison group allowed for us to control for both genetic and environmental factors that may influence cognition and behavior. Our PHP cohort was composed of patients with PHP1A and we cannot generalize to PHP1B
or PPHP. The one kindred with PHP1B due to the 3-kb STX16 deletion had similar results to this PHP1A group (unpublished data) but further studies are needed. Longitudinal data are needed to better understand the natural history of development and cognition in PHP.
In summary, children with PHP1A have significant deficits in cognition, adaptive behavior and executive function, as well as behavior problems. Children with PHP1A may also be at higher risk of ADHDinattentive type and behavioral and pharmacotherapy should be considered when appropriate. It is clear that children with PHP1A typically require additional education services and we recommend that all children with PHP1A receive evaluation by early intervention specialists.
